INTRODUCTION
The ubiquitin proteasome system (UPS) represents the major ATP-dependent degradation system in eukaryotes that is involved in the maintenance of cellular protein homeostasis. The central task of the 26S proteasome is the degradation of polyubiquitylated proteins formed by a cascade of E1, E2, and E3 enzymes, which activate, conjugate, and transfer multiple ubiquitin (ub) moieties to protein substrates, targeting these for degradation. Substrates of proteasomes are short-lived regulatory proteins involved in cell differentiation, cell-cycle regulation, transcriptional regulation, or apoptosis (Kloetzel, 2001; Liu et al., 2005) . The rapid elimination of proteins by the UPS is also of particular importance under stress conditions, such as heat shock or oxidative stress, that cause the production of misfolded or partially denatured proteins (Goldberg, 2003) .
The 20S proteasome, with its active site b subunits b1, b2, and b5, represents the central catalytic unit of the UPS and the catalytic core of the proteasome. The 20S catalytic core associates with 19S regulator complexes to form the 26S proteasome. In addition, the proteasome activator 28 (PA28) can interact with the 20S complex, forming 20S-PA28 or hybrid proteasomes (19S-20S-PA28) (Tanahashi et al., 2000) . In vertebrates, specific catalytically active b subunits, i.e., b1i/LMP2, b2i/MECL1, and b5i/LMP7, are incorporated into nascent proteasome complexes upon interferon (IFN)-mediated induction to form an alternative proteasome composition (Kloetzel, 2001) . Two of these subunits (b1i/LMP2, b5i/LMP7) are encoded within the major histocompatibility complex (MHC) class II region, which led to the term immunosubunits (i-subunits) and immunoproteasome (i-proteasome) (Aki et al., 1994) . Together, these findings connected i-proteasome function with antigen presentation. Proteasomes are responsible for the generation of peptides derived from pathogens or cellular proteins that are presented by MHC class I molecules on the cell surface to cytotoxic T cells (CTLs) (Yewdell, 2005) .
i-proteasomes exhibit altered peptidase activities and cleavage site preferences that result in more efficient liberation of many MHC class I epitopes (Kloetzel and Ossendorp, 2004; Krü ger et al., 2003) . The increase in peptide supply by i-proteasomes has a positive effect on efficient MHC class I antigen presentation and seems to be important for triggering an effective early CTL response (Chen et al., 2001; Deol et al., 2007; Toes et al., 2001; Van Kaer et al., 1994) . Newly translated polypeptides, a large pool of which are ubiquitylated, represent an important source for MHC class I epitopes (Reits et al., 2000; Schubert et al., 2000) . It thus was proposed that this pool is mostly composed of defective proteins, and hence these proteins were called defective ribosomal products (DRiPs). The DRiP hypothesis, linking antigen processing to translation, would guarantee that the cellular immune system has access to its substrates before they reach their final destination within or outside the cell (Lelouard et al., 2004; Reits et al., 2000; Schubert et al., 2000; Yewdell, 2005) . However, the idea that a large amount of newly translated proteins should be misfolded or harbor translational errors raised some doubts with regard to the validity of the hypothesis (Vabulas and Hartl, 2005; Yewdell and Nicchitta, 2006) .
Cells rapidly shift to i-proteasome formation in response to proinflammatory cytokines produced by the innate immune system early upon infection. i-proteasome formation is a strongly accelerated and transient response (Heink et al., 2005) , implying an urgent and timely need for their function. However, the absence of fully functional i-proteasomes in mice did not generally reveal effects on T cell priming or on the hierarchy of known T cell epitopes (Nussbaum et al., 2005) . Moreover, in pathogenchallenged tissues, noninfected cells also induce i-proteasome formation in response to cytokines without the need for improved antigen processing (Yewdell, 2005) . It was therefore suggested that i-proteasomes must have important non-antigen-processing functions (Nussbaum et al., 2005; Yewdell, 2005) .
i-proteasome function has been mainly associated with antigen processing and MHC class I antigen presentation. Here, we show that a major function of the i-proteasome is the maintenance of protein homeostasis and the preservation of cell viability under cytokine-induced oxidative stress.
RESULTS

IFNs Induce a Transient Accumulation of K48-Linked Ub Conjugates
Because IFNs enhance proteasome-dependent antigen presentation efficiency (Kloetzel, 2001) , we reasoned that IFNs may also enhance the pool of poly-ub conjugates. To test this assumption, we stimulated cells with IFN-g ( Figure 1A and Figure S1C available online), -a, or -b (Figures S1A and S1B). Monitoring of the total amount of poly-ub conjugates over time revealed a significant enrichment of poly-ub conjugates between 4 and 12 hr after IFN stimulation ( Figure 1B and Figure S1 ). This enrichment appeared to be a transient response because the levels of detectable poly-ub conjugates initially increased and the amount of poly-ub conjugates returned to reduced levels between 24 and 48 hr of IFN stimulation. The accumulation of poly-ub conjugates was independent of the cell type and the type of IFN used and was detectable in both mouse and human cells (Figures 1A and 1B and Figure S1 ). Concomitant with the induction of i-proteasomes, as determined by increased b5i/LMP7 levels, the amount of poly-ub conjugates gradually declined (Figures 1A and 1B and Figure S1 ). The strong decrease in poly-ub conjugates after 48 hr was due to enhanced proteasome-dependent protein turnover because the poly-ub conjugates were stabilized by the proteasome inhibitor epoxomicin ( Figure 1C and Figure S1E ). Previously, it was shown that the rate-limiting pool of free ub can be compensated by depletion of ubiquitylated histone H2A (ubH2A) (Dantuma et al., 2006) . Indeed, at time points displaying strongly enriched levels of ub conjugates in response to IFN-g, we observed decreased levels poly-ub long poly-ub short Figure 1 . Accumulation of K48 Poly-Ub Conjugates Is Caused by IFN-g (A) Murine fibroblasts were stimulated with IFN-g for up to 48 hr. Accumulation of poly-ub conjugates was visualized by immunoblotting (long and short exposure). Transiently decreased levels of ubH2A and free ub were obtained with the same experimental setup. Increase in LMP7 levels served as controls for IFN-induced i-proteasome formation and GAPDH as a loading control. (B) A significant accumulation of poly-ub conjugates was visible at 8 hr compared to 48 hr of IFN stimulation (densitometric evaluation of four independent series, ± standard deviation [SD] ; p values from t test). (C) Murine fibroblasts were exposed to IFN-g for 8, 24, and 48 hr and were either treated with proteasome inhibitor epoxomicin for the last 4 hr of the incubation period or left untreated. Proteasome inhibition resulted in a significant accumulation of poly-ub conjugates. (D) In vitro ub conjugation was demonstrated after IFN-g treatment of murine fibroblasts with modified forms of His-tagged ub as indicated. Poly-ub conjugates stimulated by IFN-g are K48 linked as shown in the left panel (using only K48-linked ub chain) and in the right panel (using K63 ub modified to arginine at position 63 but containing K48-linked ub chain). (E) Ubiquitylated proteins were immunoprecipitated with FK2 ub antibody from pulse-labeled and IFN-g-stimulated murine fibroblasts (lane 0: cycloheximide [CHX] ). CHX chases demonstrated the dependency of poly-ub protein levels on translation. See also Figure S1 . of ubH2A, and slightly decreased free ub levels ( Figure 1A and Figure S1C ). The functional role of ubiquitylation and thus the fate of the modified proteins largely depend on the type of linkage between the ub moieties within a poly-ub chain (Mukhopadhyay and Riezman, 2007) . To study which type of poly-ub conjugates was induced in IFN-g-treated cells, we performed in vitro ub conjugation assays using modified forms of epitopetagged ub. Substitution of the K48 residue by arginine (R) almost completely abrogated the formation of poly-ub conjugates, demonstrating that IFN-g preferentially stimulated the synthesis of poly-ub chains with K48 linkages (Figure 1D ), targeting these ub conjugates for degradation. The inhibitory effect of the K48R ub mutant on IFN-g stimulated ub conjugation was observed despite the presence of other functional K residues. Thus, other K residues within the ub molecule do not significantly contribute to IFN-g-induced polyubiquitylation. A slight stimulation of K63 poly-ub chains by IFN-g is negligible, because the IFN-induced ub conjugation can be completely restored using the K63R ub mutant containing a functional K48 residue ( Figure 1D ).
As expected, IFN-g treatment induced translation via the mTOR pathway (Kaur et al., 2008) . After 2 hr of IFN stimulation, we detected increased levels of the phosphorylated ribosomal S6 subunit, a marker for increased translational activity (Figure S1F ). To determine whether the accumulated poly-ub conjugates derive from newly synthesized proteins, we pulselabeled IFN-g-treated cells and immunoprecipitated ub-modified proteins. IFN-g induced a strong increase in the amount of poly-ub conjugates ( Figure 1E , ''0 CHX'') suggesting that primarily newly translated proteins shape the pool of poly-ub substrates in response to IFN-g. In support, cycloheximide See also Figure S2 and Table S1 .
chase experiments demonstrated that the increase in poly-ub protein levels was strongly dependent on translation ( Figure 1E ). Thus, the enhanced polyubiquitylation of newly synthesized proteins in response to IFN-g is accompanied by augmented de novo protein synthesis. Furthermore, the same experiments also revealed that poly-ub proteins are degraded significantly faster in IFN-g-treated than in untreated cells (see also Figure 4 ).
The Ub Conjugation Machinery Is Remodeled in Response to IFNs
To determine whether the accumulation of poly-ub conjugates is the result of IFN-induced enhanced polyubiquitylation activity, we performed in vitro ubiquitylation experiments with cellular lysates of IFN-g-stimulated cells. Enhanced polyubiquitylation activity was detected already at early time points and did not significantly decrease over the time period analyzed (Figure 2A ). This prompted us to study whether IFNs also exert a more general effect on the ubiquitin-proteasome system (UPS). Therefore, we investigated the expression of UPS-related messenger RNAs (mRNAs) in response to IFN-g in a focused microarray approach. IFNs specifically induced 20 E3 ub ligases. Of the E2 ub-conjugating enzymes, only UBE2L6 was strongly induced (Table S1 ), and its mRNA was upregulated more than 50-fold in response to 4 hr of IFN treatment ( Figure 2B and Figure S2 ). To study the role of UBE2L6 in IFN-induced ub conjugation, we silenced expression of UBE2L6 by small interfering RNA (siRNA) to interfere with the thioester cascade. Depletion of UBE2L6 significantly abolished the increase in total poly-ub conjugates 8 hr after IFN-g stimulation, whereas no differences could be detected in untreated cells ( Figure 2C ). Thus, UBE2L6-dependent ub conjugation activity plays an important role in accumulation of ub conjugates during the early IFN response.
Together, our experiments demonstrate that increased levels of polyubiquitylated proteins in response to IFNs are at least in part the result of augmented ub conjugation activity.
Proteasome Activity Is Transiently Decreased in Response to IFNs
In addition to enhanced ubiquitylation activity, a cytokinedependent partial impairment of proteasomal degradation capacity may also explain the transient increase in cellular levels of poly-ub conjugates. Therefore, we assayed the proteasomal chymotrypsin-like (CT-L) peptide-hydrolyzing activity in total cell lysates of IFN-g-treated HeLa cells ( Figure 3A ). Indeed, IFN stimulation resulted in a transient decrease of proteasomal CT-L activity 4-12 hr after induction, which was restored and even augmented after 24-48 hr. This result was confirmed by measurement of in-gel CT-L activity in native polyacrylamide gel electrophoresis (PAGE) and could be assigned to 26S and to PA28-associated proteasome pools .
Concomitant with the decreased proteolytic activity between 8 and 12 hr, we detected transiently lower 26S proteasome levels in response to IFN-g ( Figure 3C ). To define this phenomenon in more detail, we immunoprecipitated proteasomes from glycerol gradient fractions enriched for 26S complexes, and immunodetection of the 19S regulator subunit Rpn2 followed. In agreement with the measured decrease in proteolytic activity, we observed a transiently reduced association of 19S regulators with 20S complexes ( Figure 3E ). Total amounts of 20S complexes, as monitored by the a4 subunit levels, remained unchanged, suggesting that IFN-g induces a transient dissociation of the 20S complexes from the 19S regulator.
Next, we studied the kinetics of 26S i-proteasome formation by incorporation of the b1i/LMP2 subunit into the complexes by using native PAGE ( Figure 3F ). In agreement with the increase in proteasomal activity after 24 hr of IFN-g exposure, i26S proteasome levels were strongly enhanced at this time point. Reorganization of proteasomes upon IFN exposure was also shown by immunoprecipitation experiments or two-dimensional separation of purified 20S complexes ( Figures S3A-S3C ). Importantly, the time frames exhibiting the highest accumulation of poly-ub conjugates corresponded exactly with the decline of proteasomal peptidase activity and coincided with the time period required for the formation of i26S proteasomes. 
i-Proteasomes Are Required for Efficient Degradation of Polyubiquitylated Proteins
The above experiments suggest that i-proteasomes may be more efficient in degrading poly-ub substrates than standard proteasomes (s-proteasomes). We therefore examined the removal of poly-ub conjugates in mouse embryonic fibroblasts (MEFs) and human cell lines (T1, T2) with either a fully functional i-proteasome (WT, T1) or cells deficient for one or two of the i-proteasomes subunits (LMP7 À/À , T2) after IFN challenge (Figures 4A and 4B and Figure S4A ). Furthermore, to study the requirement of i-proteasomes for the degradation of IFN-g induced poly-ub conjugates in vivo, we induced inflammation in WT mice and in i-proteasome-deficient mice by using lipopolysaccaride (LPS) and analyzed i-proteasome function in experimental autoimmune encephalomyelitis (EAE) ( Figures 4C  and 4D ).
In WT MEFs as well as in LPS-induced acute inflammation of liver tissue in mice ( Figures 4A-4C ) or in human T1 cells (Figure S4A ), we observed a transient accumulation of poly-ub conjugates that returned to basal levels at 48 hr after the challenge (see also Figure 1 ).
In contrast, in LMP7 À/À MEFs, that are impaired in i-proteasome formation (Griffin et al., 1998) (Figures 4A and 4B) or in human T2 cells that are devoid of i-proteasomes ( Figure S4A ), the accumulation of poly-ub conjugates persisted over the entire period without returning to basal levels. Most strikingly, inflammationchallenged liver (LPS) or brain (EAE) displayed a significantly increased accumulation of poly-ub conjugates in LMP7-deficient ). Representative results are shown (GAPDH, loading control; b5iLMP7, IFN and knockout control; statistic evaluation of ub staining of four animals ± SD; p values from t test). (E) In vitro degradation by s26S and i26S proteasomes was analyzed with a Ub 5 -Muc 8 model substrate and immunodetection with the mucin antibody. Quantitative evaluation of Ub 5 -Muc 8 digestion by i26S proteasomes showed a 2-fold increase in substrate turnover compared to s26S proteasomes (enzyme activity in ng/min$mg proteasome ± SD, n = 5). (F) Quantitative evaluation of the pulse chase experiment in Figure 1E (± SD, n = 2) showing that i-proteasomes degrade poly-ub conjugates faster than do s-proteasomes. See also Figure S4 . mice compared to the WT ( Figure 4D ). In agreement with these data, the prevention of i-proteasome formation by knockdown of the proteasome maturation protein POMP (Heink et al., 2005) resulted in a considerably slower turnover of poly-ub conjugates ( Figure S4B) . Together, these experiments show that i-proteasome-deficient cells are unable to efficiently eliminate the accumulating poly-ub conjugates in response to IFN-g, both in cell culture studies and in in vivo inflammation models.
The observation of an accelerated degradation of poly-ub conjugates dependent on i-proteasomes suggests that i-proteasomes may possess enhanced poly-ub substrate turnover activity. To investigate this in more detail, we performed in vitro degradation assays with affinity-purified s-and i-proteasomes by using the established poly-ub model substrate Ub 5 -Muc 8 (Bech-Otschir et al., 2009) . Indeed, in vitro degradation of Ub 5 -Muc 8 revealed an approximately 2-fold higher substrate turnover with i-proteasomes than in experiments using s-proteasomes ( Figure 4E and Figures S4C-S4E) , thus explaining at least in part the observed accelerated degradation of accumulated poly-ub conjugates upon IFN-g stimulation. Moreover, the turnover of ikBa as a known proteasomal substrate in response to TNF-a signaling was faster in cells stably expressing i-proteasomes than in untransfected cells ( Figures S4F and S4G ). In support of these experiments, the turnover of radiolabeled poly-ub conjugates occurs approximately 3-fold faster in response to IFN-g ( Figures 1E and 4F ).
Impaired i-Proteasome Function Results in the Formation of Protein Aggregates
To avoid potentially toxic effects of accumulated poly-ub conjugates, cells attempt to form aggresomes or aggresome-like induced structures (ALISs). Such ub-rich cytoplasmic inclusions are formed in response to cellular stresses such as heat shock, proteasome inhibition, oxidative stress, transfection, or starvation (Kopito, 2000; Lelouard et al., 2004; Szeto et al., 2006) . To determine whether ALISs are formed in response to IFN, we visualized poly-ub conjugates in different cell types by immunocytochemistry. Interestingly, coinciding with the strongest accumulation of poly-ub conjugates and independent of the cell type analyzed, ALISs were transiently formed in response to IFN-g ( Figure 5A and Figure S5A ). In striking contrast to the WT, but in agreement with the inability of LMP7 À/À MEFs to remove poly-ub conjugates in response to IFNs ( Figure 5B ), we detected ALISs throughout the IFN-g induction time course ( Figures 5B and 5C and Figure S5B ). Thus, we observed the highest accumulation of ALISs in i-proteasome-deficient cells at time points at which WT cells were already cleared from ALISs ( Figure 5 and Figure S5B ). In support, LMP7-deficient cells displayed a continuous depletion of ubH2A from nuclei, because ub pools were occupied by ALIS formation, whereas in WT MEFs ubH2A was only transiently depleted from nuclei as long as ALISs were present ( Figure S6 ). Supporting our data obtained in cell culture studies, inflammation-challenged liver (LPS) or brain (EAE) tissue revealed pronounced higher staining of poly-ub in LMP7 À/À mice compared to the WT ( Figure 5D ), demonstrating that the observation made in cultured cells can be also applied for the in vivo situation. Thus, at least in part because of their higher substrate-turnover capacity, i-proteasomes efficiently remove poly-ub conjugates and either remove ALISs or prevent their formation. Under conditions of IFN challenge, such as during an inflammatory response, cells that are impaired in i-proteasome formation fail to cope with the increased formation of poly-ub conjugates and consequently produce ALISs.
i-Proteasomes Protect Cells against IFN-Induced Oxidative Stress
IFNs are important triggers for the formation of reactive oxygen species (ROSs) that cause oxidative stress (Pearl-Yafe et al., 2003; Sasaki et al., 2008; Watanabe et al., 2003) . Indeed, ROS levels increased up to a 2-fold higher level after 48 hr in response to IFN-g in HeLa and T1 cells ( Figure S7A ), suggesting that i-proteasomes may possess an important role in IFN-induced oxidative stress response. Endogenous ROS formation may cause oxidant-damage to proteins. Therefore, by detection of carbonyl groups, we tested whether IFN stimulation results in increased levels of oxidized proteins in HeLa ( Figure 6A ) and T1 and T2 ( Figure S7C ) cells. The amount of oxidized proteins coincided with increased amounts of poly-ub conjugates and was significantly higher in samples of cells lacking i-proteasomes, such as T2 cells, whereas the levels were decreased in samples that exhibited high i-proteasome activity ( Figure 6A and Figures  S7B and S7C ). To study whether the oxidant-damaged proteins are indeed polyubiquitylated, we immunoprecipitated ub-modified proteins and stained the precipitates for oxidized proteins. Oxidized proteins could be precipitated from lysates of IFN-stimulated cells with an anti-ubiquitin antibody ( Figure 6B ). Furthermore, a known specific substrate of proteasomes, ikBa, was also oxidant damaged ( Figure S7D ). Thus, our results suggest that IFNs trigger oxidation of proteins, which would then be polyubiquitylated and degraded by i-proteasomes. The correlation between oxidant damage and ub modification was supported through the use of the antioxidant sulforaphane, which impaired the IFN-induced accumulation of both poly-ub conjugates and oxidant-damaged proteins ( Figure 6C ). To investigate the impact of i-proteasomes on degradation of oxidant-damaged protein, WT and LMP7-deficient cells were compared with respect to levels of oxidized proteins upon IFN-g exposure. Unchallenged WT skin fibroblasts displayed low levels of oxidized proteins, which were transiently increased between 8 and 24 hr of IFN-g exposure ( Figure 6D) . Notably, such a transient induction of oxidant-damaged proteins was also detectable in liver tissue in response to LPS-induced inflammation ( Figure 6E ). In contrast, LMP7-deficient fibroblasts exhibited significant amounts of oxidized proteins throughout the time course, with the highest accumulation at 48 hr upon IFN-g exposure ( Figures 6D) . This was also observed in LMP7-deficient MEF cells (Figures S7E and S7F ) and T2 cells ( Figure S7C ). Similarly, inflammation resulted in a strong induction of oxidized proteins in vivo as revealed by the analysis of liver and brain tissue from inflammation-challenged mice ( Figure 6F ). Thus, proteins that are oxidant damaged by IFN-induced ROSs are polyubiquitylated and become a substrate of i-proteasomes.
Because IFN-induced oxidative stress may result in enhanced cell death, we tested whether LMP7-deficient cells are more susceptible to apoptosis in response to IFNs than WT cells. Indeed, caspase 3/7 activity was enhanced 2-fold in response to IFN-g in LMP7-deficient MEFs, whereas caspase activity remained almost unchanged in WT MEFs. Moreover, LMP7-deficient MEFs were highly susceptible to the potent apoptosis inducer etoposide ( Figure 6G) .
To examine the in vivo effects of LMP7 deficiency in EAEinduced inflammation, we determined the clinical scores in WT, LMP7 À/À , and LMP7 +/À mice. Neurological deficits in EAE were scored on a scale from 0 to 5, with animals showing no abnormality at a score of 0 and being increasingly affected by motor deficits at higher disease scores (Zamvil and Steinman, 1990 Figure 6H and Figures S7G and S7H ).
IFN-g Increases the Pool of Polyubiquitylated Nascent Proteins
Polyubiquitylated nascent defective proteins (DRiPs) represent the major but not the sole source for MHC class I peptide ligands (Reits et al., 2000; Schubert et al., 2000) . However, what the ''defect'' is in DRiPs has been unclear. In addition, there existed no explanation as to how, upon IFN-g stimulation, the amount of DRiPs could be increased to meet the substrate demands of a strongly upregulated antigen presentation machinery. Because IFN-g stimulation enhanced the generation of ROSs and the formation of oxidant-damaged newly synthesized polyubiquitylated proteins, we determined the pool of DRiPs in response to IFN-g after the experimental setup as initially reported (Schubert et al., 2000) . Thus, for labeling of nascent proteins, murine fibroblasts were exposed to a short 30 s radioactive pulse with 5 mCi /ml -1 [ 35 S] methionine, which was followed by a nonradioactive chase period for the time points indicated. Newly translated ubiquitylated proteins forming a high-molecular weight smear were visualized by autoradiography.
IFN-g stimulation resulted in an increased formation of nascent polyubiquitylated proteins ( Figure 7A) . Moreover, this pool was rapidly degraded by proteasomes because degradation was almost completely abrogated by proteasome inhibition in cells stimulated with IFN-g for 24 hr ( Figure 7B ). To study whether these nascent polypeptides are indeed defective, we used epigallocatechin-3-gallat (EGCG), a green tea compound that binds randomly to the backbone groups of unfolded proteins (Ehrnhoefer et al., 2008) . Indeed, we observed an increase in EGCG-stained polypeptides in response to IFNs, ultimately demonstrating that IFN-induced oxidation of proteins contributes to the unfolding of nascent proteins ( Figure 7C ).
DISCUSSION
As part of the MHC class I antigen-processing machinery, the function of i-proteasomes has been associated with improved antigen generation. However, the relevance of i-proteasomes in specific immune responses has been increasingly questioned, but no alternative functions have been proposed (Nussbaum et al., 2005; Yewdell, 2005) . We now show that a major function of i-proteasomes is the maintenance of protein homeostasis during inflammatory conditions by rapidly degrading nascent oxidant-damaged proteins.
These findings lead us to propose the following model ( Figure 7D ): IFNs induce oxidative stress and newly synthesized proteins are particularly sensitive to oxidation (Medicherla and Goldberg, 2008) . This causes their partial unfolding and consequent recognition by the UPS. Together with enhanced translation activated by the mTOR pathway (Kaur et al., 2008) , this results in a strong increase of nascent, oxidantdamaged proteins or DRiPs. In this context, virus infection, radiation, the mTOR-pathway, and other signals also have been shown to induce the birth of DRiPs (Lelouard et al., 2007; Reits et al., 2006; Yewdell, 2005) . Thus, under cytokine-inducing conditions, DRiPs are indeed defective proteins. The resulting need for augmented K48-linked ubiquitylation and degradation of polyubiquitylated proteins is met by cytokineinduced upregulation of the ubiquitylation machinery. For example, UBE2L6, an important player in cross-presentation by human dendritic cells (Ebstein et al., 2009 ) and a target of the mTOR signaling cascades (Kaur et al., 2008) , is strongly upregulated in response to IFNs. In addition, i-proteasomes exhibiting an accelerated degradation rate of polyubiquitylated proteins are formed. Efficient elimination of oxidant damaged and unfolded nascent proteins may prevent their potentially toxic effects. In contrast, in the absence of fully functional i-proteasomes as in MEFs of i-proteasome subunit LMP7-deficient mice, the degradation of oxidant damaged nascent proteins is severely impaired. This impairment leads to the accumulation of DRiPs, the formation of ALISs, and consequently to increased sensitivity toward apoptosis. Thus, formation of i-proteasomes with their superior poly-ub conjugate degrading capacity is essential in the protection of cells against persistent formation of ALISs.
Previous studies have revealed that incorporation of i-subunits results in enhanced proteasomal peptide-hydrolyzing activity (Gaczynska et al., 1993; Strehl et al., 2008; Voigt et al., 2010) . In addition, integration of i-subunits into the 20S core complex also induces slight structural changes, suggesting an improved accessibility of the active sites for protein substrates (Sijts et al., 2000) . In consequence, i26S proteasomes may be better equipped for efficient poly-ub substrate turnover. In fact, our in vitro experiments with saturating amounts of poly-ub substrate, and excluding indirect substrate affinity effects, demonstrate that the composition and activity of the 20S core modulates the degradation efficiency of 26S proteasomes. The molecular events underlying the dissociation of s26S proteasomes during the early phase of IFN induction (Figure 3) are not clear at present. However, changes in 26S proteasome levels in response to IFN-g have been observed previously and are thought to be due to different phosphorylation patterns of a subunits (Bose et al., 2001) . Rapid replacement of the s26S proteasomes in response to IFN-g will require their disassembly and the reassembly of 19S regulator complexes with de novoformed i20S core complexes. Thus, cells tolerate a short adaptation phase of reduced proteolytic activity that is terminated by the rapidly increasing amounts of i-proteasomes to adjust the proteasome pool to the increased proteolytic requirements of IFN-challenged cells.
Visual evidence for the importance of i-proteasome activity is obtained in IFN-g-treated LMP7-deficient cells or inflamed tissues of LMP7 À/À mice, which reveal a cellular accumulation of ub conjugates with persistent formation of ALISs. Our experiments show that as a result of IFN-induced ROS formation, oxidant-damaged proteins have the tendency to aggregate and consequently accumulate in such ub-rich inclusions. The formation of ALISs represents a severe physiological stress (Szeto et al., 2006 ) that requires i-proteasome function to protect cells against accumulation of protein aggregates. Most cell types and tissues constitutively express low levels of LMP7, whereas immune cells which actively produce ROSs and permanently have to deal with cytokine-induced oxidative stress express i-proteasomes even at constitutively high levels (Yewdell, 2005) . Underlining the importance of i-proteasomes for the preservation of cell viability under cytokine-induced oxidative stress conditions, b5i/LMP7 À/À cells were considerably more susceptible to apoptosis. This protective role is also evidenced by studies showing that i-proteasome-deficient mice severely suffer from impaired survival and clearance rates upon infection (Chou et al., 2008; Ishii et al., 2006; Strehl et al., 2006) or develop severe myocarditis upon Coxsackie virus B3 infection (A.V., E.K., U.K., and P.-M.K., unpublished data). As shown here, i-proteasomes also protect mice against the pathological consequences of EAE. Because neuronal damage is the major determinant of disease severity in EAE, i-proteasome deficiency significantly contributes to the susceptibility of the central nervous system to inflammation-mediated oxidative damage. i-subunits, apart from their induction by cytokines or infection, have also been reported to be induced by insults like heat stress (Callahan et al., 2006) , arsenic trioxide (Zheng et al., 2005) and nitric oxide (Kotamraju et al., 2006) or in the course of neurodegenerative diseases (Díaz-Herná ndez et al., 2003; Ferrer et al., 2004; Puttaparthi and Elliott, 2005) . Thus, the expression of i-proteasomes may be initiated in heterogeneous damage scenarios, supporting the view of a more general physiological function of i-proteasomes apart from antigen processing.
These insights point at alternative physiological functions of i-proteasomes, which are not primarily connected with a specific role in MHC class I antigen processing but rather with the protection of cells against cytokine induced oxidative damage to preserve cell viability.
EXPERIMENTAL PROCEDURES Cell Culture and Mouse Experiments
Human and murine cell lines were cultivated under standard conditions and treated with 100 U/ml human or mouse IFN-g (recombinant, Roche), respectively. Proteasome activity was blocked by epoxomicin (1 mM) 4 hr before harvesting of cells. siRNA knockdown of UBE2L6 in comparison to control siRNA was performed 24 hr before stimulation by IFN-g according to the manufacturer's instructions (Dharmacon).
C57BL/6 LMP7 À/À mice or C57BL/6 LMP7 +/+ wild-type littermates were kept at local facilities. MEFs were obtained from day 13.5 embryos. For LPS-induced inflammatory response, 8-week-old mice were injected intraperitoneally with LPS from E. coli (5 mg/kg body weight). Survival until day 3 was 100% in both groups. For active EAE, mice were immunized subcutaneously with 200 mg MOG 35-55 and were sacrificed after disease was established (day 45). Animal care was in accordance with institutional guidelines. Cells and tissue sections for immunocytochemistry and immunohistochemistry were prepared according to standard protocols and stained with FK1 (mAb, Biomol), ubH2A (E6C5, Millipore), or anti-proteasome polyclonal antibody (laboratory stock) followed by Alexa 488-or Alexa 568-conjugated secondary antibodies (Invitrogen).
Quantification of experiments is shown as mean ± SD or ± SEM with p values from Student's t test or Mann-Whitney U test, respectively.
In Vitro Ub Conjugation
Fifty microgram lysate of B8 cells stimulated with or without IFN-g were incubated with 1 mM His-tagged ub (WT ub, K48 only, K48 to R, K63 only, K63 to R; Boston Biochemicals) for 1 hr in reaction buffer containing 20 mM Tris-HCl (pH 7.6), 20 mM KCl, 5 mM MgCl 2 , 10% glycerol, 1 mM DTT, 2 mM AMPPNP (Sigma), 50 mM MG-132 (Calbiochem), and 5 mM ub-aldehyde (Boston Biochemicals). Ub conjugates were immunodetected by a penta-His antibody (QIAGEN).
Immunoprecipitation of Ub Conjugates and Detection of DRiPs B8 cells were stimulated with 100 U/ml IFN-g for 12 hr, pulsed with TRAN 35 S-Label (ICN) for 45 min, and chased with 25 mg/ml cycloheximide for up to 6 hr. Ub conjugates were precipitated with FK2 antibody (Biomol) and processed as described (Heink et al., 2005) . Detection of DRiPs in B8 cells was accomplished as previously described (Schubert et al., 2000) . Detection of defective proteins by EGCG (Sigma) staining was performed as previously described (Ehrnhoefer et al., 2008) .
Determination of Oxidative Stress
Oxidized proteins were visualized with the OxyBlot protein oxidation detection kit (Chemicon International) via immunodetection of carbonyl groups. So that ROS formation could be prevented, cells were pretreated for 24 hr with the antioxidant sulforaphane (10mM; Sigma).
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